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Testosterone is an important sex hormone and mediates reproduction in male
vertebrates. There is ample evidence that testosterone coordinates the expression of
physiological, morphological, and behavioral traits during reproduction and many of
these traits are under sexual selection. However, only few studies so far have examined
if individual variation in testosterone is correlated with reproductive success. Because
socially monogamous bird species pass through different phases within a breeding cycle
and each of these phases requires the expression of different behaviors, the relation
between testosterone and reproductive success could vary with breeding stage. Here
we investigate the link between reproductive success and testosterone in European
stonechats—a socially monogamous songbird with biparental care. Previous studies
found that territorial aggression in breeding stonechats depends on testosterone and that
testosterone levels peak during the mating phase. Thus, high testosterone levels during
mating may influence reproductive success by promoting territorial aggression and mate
guarding. We found that males with two breeding attempts produced a similar number
of fledglings as males with three breeding attempts. However, males with two breeding
attempts expressed higher levels of testosterone than males with just one or those with
three breeding attempts, regardless of whether testosterone was measured during the
mating or the parental phase of the first brood. Furthermore, testosterone levels during
mating, but not during parenting, correlated with the total annual number of fledglings.
Thus, individual variation in levels of plasma testosterone predicted reproductive success
in stonechats.
Keywords: androgens, individual variation, number of fledglings, number of clutches, fitness
INTRODUCTION
Reproduction in male vertebrates is mediated by androgens which activate spermatogenesis and
facilitate the expression of secondary sex characteristics and reproductive behaviors (Adkins-
Regan, 2005; Nelson, 2005). The androgen testosterone enhances mating effort by mediating
reproductive behaviors, such as courtship (e.g., Fusani, 2008), copulation (e.g., Balthazart et al.,
1995), song (e.g., Ball et al., 2002), and territorial aggression (e.g., Wingfield, 2005), as well as
sexually selected morphological traits in many bird species (Adkins-Regan, 2005; Nelson, 2005).
However, prolonged periods with elevated levels of testosterone can incur costs and may decrease
survival (Wingfield et al., 2001) becausemales with high levels of testosterone tend to invest less into
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self-maintenance and immune function (Malo et al., 2009), can
be more conspicuous to predators (Marler and Moore, 1988),
and are prone to get injured during fights (Marler and Moore,
1989). Experimental studies have shown that testosterone can
shift the balance between reproduction and survival toward
reproduction (Ketterson et al., 1992; Reed et al., 2006; Mills
et al., 2009). Further, high levels of testosterone can interfere with
male parental care. Hence, males of many socially monogamous
species with biparental care show a peak in testosterone during
themating phase and a decline of testosterone during the parental
phase (e.g., Wingfield and Hahn, 1994; Schwabl et al., 2005;
Apfelbeck et al., 2013). When testosterone concentrations are
experimentally enhanced during the parental phase, males of
some species reduce nestling provisioning behavior (Silverin,
1980; Hunt et al., 1999; Schwagmeyer et al., 2005). In contrast,
in polygynous species without paternal care, males invest mostly
into mating and as a consequence testosterone levels tend to be
elevated throughout the breeding season (e.g., Beletsky et al.,
1992). Therefore, depending on the social mating system, the
species-specific life history, and the balance between mating
effort, survival and parental care, the role of testosterone can
differ between species.
The above mentioned correlational and experimental
evidence suggests a causal relationship between testosterone and
reproductive behaviors, and a mechanistic role for testosterone
in the resolution of life history trade-offs. However, we know
little about the adaptive consequences of natural variation in
testosterone levels between individuals of the same species.
Through testosterone’s positive effect on behaviors associated
with mating effort and sexually selected morphological traits,
individual variation in circulating testosterone concentrations
duringmating should predict reproductive success of individuals.
Indeed, in lekking and polygynous species without paternal care,
mating success correlates positively with testosterone in all
species studied to date (Borgia and Wingfield, 1991; Beletsky
et al., 1992; Alatalo et al., 1996; Vitousek et al., 2008; Smith
et al., 2015). In socially monogamous and biparental species,
only a single study found a relationship between circulating
GnRH-induced testosterone levels and reproductive success.
In contrast to the studies on polygynous species, selection on
testosterone levels in dark-eyed juncos (Junco hyemalis) was
stabilizing: males with slightly higher than average testosterone
concentrations had the highest reproductive success and were
most likely to survive (McGlothlin et al., 2010). On the other
hand, in a study on North-American barn swallows (Hirundo
rustica erythrogaster) no relationship between testosterone
levels and total number of offspring was found (Eikenaar
et al., 2011). In polygynous and especially in lekking species
testosterone probably directly affects male reproductive success
via its positive effect on display activity and aggressiveness
throughout the breeding season (Borgia and Wingfield, 1991;
Alatalo et al., 1996; Vitousek et al., 2008). Reproductive success
in polygynous and lekking species depends mostly on mating
success (number of copulations with different females) and
females choose males on the basis of ornaments, displays,
and fighting ability (Höglund and Alatalo, 2014). In socially
monogamous species, the reproductive success of males depends
on various factors, and different traits and endocrine control
mechanisms may act during different phases of the breeding
cycle (Jacobs and Wingfield, 2000). For example, migratory male
songbirds need to establish a territory and attract a mate at
the beginning of the breeding season. Thus, the reproductive
success of a male will depend on his ability to maintain a
high quality territory and to find a suitable mate. During the
fertile period of the female, the reproductive success of a male
will depend on how well he is able to guard and defend his
mate against competing males that seek extra-pair copulations.
Later in the season, the parental qualities of a male may
become more important. There is good evidence that in socially
monogamous, biparental species, testosterone may influence
reproductive success through its effect on male performance
during territory establishment and/or mate guarding (Wingfield
et al., 1990, 2006). After the mating phase of the first brood,
however, males have to balance their investment into mating
(including extra-pair behavior), and parental care. For example,
in dark-eyed juncos individual variation in GnRH-induced
testosterone concentrations correlated positively with territorial
aggression, but negatively with offspring care (McGlothlin et al.,
2007), and experimentally elevated testosterone levels impaired
paternal care (Ketterson et al., 1992). In the above cited study on
dark-eyed juncos, testosterone concentrations of males caught
during mating and parental phases were combined to a single
value for each individual (McGlothlin et al., 2010). However,
because males of socially monogamous species care for young,
covariation of testosterone levels with reproductive success may
vary with breeding stage: high testosterone levels may be favored
during mating, but low levels may be favored during parenting
(Wingfield et al., 1990).
Furthermore, because in socially monogamous species
reproductive success depends on different traits during different
breeding phases within a breeding cycle, mating success cannot
be equated as easily with reproductive success as in polygynous
species. It is, therefore, necessary to use a direct measure of
reproductive success. In some species the number of breeding
attempts directly predicts the number of fledglings, with more
breeding attempts typically resulting inmore fledglings (Weggler,
2006). But in ground-nesting species with a high probability
of nest failure due to predation this is not necessarily true.
Hence, different approximations of reproductive success may
vary in the strength of their covariation with testosterone. Thus,
the relationship between individual variation in testosterone
levels and reproductive success may differ between species and
breeding stages depending on the extent of the trade-off between
mating effort and parental care (Ketterson and Nolan, 1992).
Especially in socially monogamous species with biparental care
the role of testosterone may depend strongly on breeding stage.
For this reason, we related the individual variation in
circulating testosterone to reproductive success separately during
the mating and the parental phase in a wild population of the
European stonechat (Saxicola torquatus), a socially monogamous
songbird with biparental care.Wemeasured reproductive success
indirectly as the number of breeding attempts of a pair, and
directly as the total annual number of fledged young per breeding
season.
European stonechats are short distance migrants, they raise
up to three (occasionally four) broods per breeding season,
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and both partners take care of the young (Urquhart, 2002).
After arriving on their breeding grounds, male stonechats
establish territories, and advertise for females via singing from
elevated song posts, in general the top of a tree or bush.
Song is under sexual selection (Mortega et al., 2014) and may
communicate a males’ quality in a reproductive context (Greig-
Smith, 1982). Especially during nest-building—the fertile period
of the female (Birkhead and Møller, 1993)—males stay close to
their partners. Only the female builds the nest and incubates;
however, most males stay in the vicinity of the nest and act
as sentinels (Urquhart, 2002). The fledgling phase and nest
initiation of consecutive broods overlap (Flinks and Pfeifer,
1987). Testosterone concentrations and aggressive behavior of
male stonechats peak during the mating phase of the first
brood (Schwabl et al., 2005; Apfelbeck et al., under review) and
male mating effort—measured as territorial aggression—depends
on testosterone during the breeding, but not during the non-
breeding season (Canoine and Gwinner, 2002; Marasco et al.,
2011). Furthermore, males with high testosterone concentrations
are more likely to attack a territorial intruder during the
mating phase than males with low testosterone concentrations
(Apfelbeck et al., under review). Thus, testosterone in stonechats
seems to facilitate high intensity aggression during mating, and
may thereby promote within-pair reproductive success of males
by preventing extra-pair-copulations during the fertile period of
the female partner. This may be especially relevant when the
first clutch of the season is laid, because nest initiation is more
synchronous during the first than during consecutive broods
(Flinks and Pfeifer, 1987). Also, because stonechats overlap
consecutive broods, mating and parental stages overlap after the
first brood has been initiated and thus, potential benefits of high
testosterone levels during the mating phases of later broods may
be outweighed by the negative effects on parental behavior. In
line with this expectation, testosterone levels of male stonechats
decrease after the mating phase of the first brood (Schwabl et al.,
2005; Apfelbeck et al., under review). Hence, assuming a trade-
off between mating and parenting (Wingfield et al., 1990), we
predicted that reproductive success in male stonechats should be
related to high levels of testosterone during the mating phase of
the first brood, and low testosterone levels during the parenting
phase of the first brood. Furthermore, because nest predation in
stonechats is high, we predicted that testosterone concentrations
during the mating phase should be related to the total annual
number of fledglings, but not so much to the total number of
breeding attempts.
METHODS
We assessed testosterone levels and reproductive success of
male stonechats breeding in Germany at two study sites that
were 60 km apart: the Düffel (20 km2, 51◦47′N, 6◦01′E) and the
Heubach lowland (6 km2, 51◦84′N, 7◦08′E). From 2009 to 2013
we caught 143 males as part of a study on the effect of territorial
aggression on testosterone levels. Of these 143 males we were
able to collect information on annual reproductive success from
73 males. All experimental procedures were approved by the
governmental authorities of North Rhine Westphalia.
Males were caught passively with baited spring traps, or
actively with spring traps and a mounted decoy and playback
between 7:00 and 18:00 h during the mating phase (pre-nesting
and nest-building) of the first brood and during the parental
phase (incubation, nestlings, fledglings) of the first brood and
occasionally of the second brood (n= 13). Each male was caught
only once. Briefly, actively caught birds were lured with a remote-
controlled loudspeaker (Foxpro Scorpion, digital game caller,
FOXPRO Inc. Lewistown, USA) that was put underneath a decoy
and song was played back. In stonechats, such a stimulation with
a decoy and playback does not change circulating testosterone
concentrations (Apfelbeck et al., under review), and hence the
data from passively and actively caught birds were combined.
To assess breeding stage and reproductive success, all breeding
territories of the population were checked at least once every
week from February until September. Breeding stage was
determined through careful observation of pairs before capture
(e.g., song, nest-building by females, feeding of nestlings, and
presence of fledglings). In some cases, we were able to catch
the female and breeding stage could be ascertained by noting
the presence or absence of a brood patch. Females incubate
clutches for ∼14 days and nestlings stay in the nest for another
16 days (Koenig and Gwinner, 1995). We attempted to record
all breeding attempts (i.e., the total number of all clutches—
including successful, failed, and replacement clutches) and the
total annual number of young that successfully fledged. Because
stonechats nest on the ground and hide their nests below tufts of
grass, it is not always easy to find their nests. Therefore, for some
individuals we only have a full record of the number of breeding
attempts, and for others we were able to record the total number
of fledglings—leading to differences in samples sizes.
Hormone Analysis
Upon capture (312 ± 195 s), a blood sample (∼120 µl) was
taken from the wing vein and the plasma was immediately
separated by centrifugation with a Compur Minicentrifuge
(Bayer Diagnostics). The amount of plasma was measured with a
Hamilton syringe and stored in 500 µl pure ethanol (Goymann
et al., 2007). Testosterone concentration was determined by
direct radioimmunoassay (RIA, following Goymann et al., 2006;
Apfelbeck andGoymann, 2011).Mean efficiency of the extraction
with dichloromethane varied between 85 and 88%. The lower
limit of detection of the assay was on average 0.35± 0.05 pg/tube.
Samples were measured in duplicates in 5 assays. The intra-
extraction coefficients of variation ranged between 2.8 and 11.8%
(mean 5.6%). The inter-assay variation was 11.9%.
Statistical Analysis
Data were analyzed within the R environment (R version 3.2.2,
R Core Team, 2016) and the packages JAGS (Plummer, 2003)
and runjags (Denwood, 2016). We used general linear models to
determine if variation in testosterone concentrations was related
to reproductive success in stonechats. To draw inferences from
the models we chose a Bayesian approach and estimated the
model parameters as the mean of their posterior distributions,
and the 2.5 and 97.5% credible intervals. We used minimally
informative priors for both mean [dnorm (0, 10∧−6)] and
precision [dgamma (0.001, 0.001)] parameters, i.e., for mean
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parameters the prior distribution was flat over a wide range
of values and precision parameters were shrunk toward zero
(Mair et al., 2015). Post-capture testosterone concentrations were
natural log-transformed and predictor covariates (body mass,
time of day, number of fledglings) were centered to a mean of
zero.
We tested if reproductive success (number of breeding
attempts: n = 68, number of fledglings: n = 64) explained
variation in post-capture testosterone levels and if this
relationship differed between breeding stages. We differentiated
mating (pre-nesting and nest-building of the first brood) from
parenting (incubation, nestlings, and fledglings) and ran all
analyses twice: once including also individuals that were caught
during the parental phase of their second brood and once
restricted to individuals that were caught only during their first
brood. We further tested if the number of breeding attempts
was predictive of the total annual number of fledglings using
a quasi-poisson generalized linear model. In this last analysis
also data from males without information on testosterone were
included (n= 118).
MCMC simulations were checked for convergence of chains
using trace plots and psrf values (Brooks and Gelman, 1997).
Effective sample sizes for the simulation were>15000 in all cases.
Model residuals were graphically checked for violations of model
assumptions (normality, heteroscedasticity, auto-correlations).
Hormone estimates are reported on a natural log scale unless
stated otherwise. Data are presented as means and their 95%
credible intervals (in squared brackets). Bayesian statistics do not
produce test statistics or p-values, however, if the 95% credible
interval of the difference between two means includes zero, there
is no biologically meaningful difference.
RESULTS
Males with two breeding attempts expressed higher post-capture
testosterone levels than males with one or three breeding
attempts, independent of breeding stage [all data = individuals
caught during 1st and 2nd breeding attempt: F(5, 62) = 9.4,
R2 = 0.39, reduced data = individuals caught during first
breeding attempt only: F(5, 49) = 7.9, R
2
= 0.39, Figure 1].
Further, the total annual number of fledglings was positively
related to circulating post-capture testosterone concentrations
during the mating phase (Figure 2A). Such a relationship was
absent when testosterone was measured during the parental
phase [all data: F(3, 60) = 8.7, R
2
= 0.27, reduced data: F(3, 47) =
7.4, R2 = 0.27, Figure 2B]. During the mating phase males
expressed higher concentrations of post-capture testosterone
than during the parental phase (Figure 1). Males with two
or three breeding attempts produced almost twice as many
fledglings than males with only one breeding attempt (residual
deviance: 288, df = 115, dispersion parameter: 1.9, Table 1).
However, males with three breeding attempts did not produce
more fledglings than males with only two breeding attempts,
because third clutches were mainly the result of a replacement
clutch for lost second broods (Table 1).
FIGURE 1 | Back-transformed posterior mean circulating testosterone
concentrations (and 95% credible intervals) of male stonechats caught
during the mating and the parental phase of the breeding cycle in
relation to the total number of breeding attempts. Open dots represent
raw data. Sample sizes are indicated within bars. If the 95% credible intervals
of one group do not overlap with the mean estimate of another group, a
meaningful difference between the groups can be assumed.
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FIGURE 2 | Total annual number of fledglings in relation to circulating
testosterone concentrations of males caught during the mating (A) and
the parental phase (B). Black points refer to males caught and sampled for
testosterone during their first brood; gray points refer to males caught during
their second brood. Lines and shaded areas represent regression estimates
and their 95% credible intervals. The 95% credible interval of the regression
slope during mating does not include zero; thus males with higher levels of
testosterone produced more fledglings than males with lower levels of
testosterone.
DISCUSSION
In accordance with testosterone’s role as a mediator of male
mating effort, stonechats with higher levels of testosterone during
the mating phase of the first brood experienced a higher annual
reproductive success—measured as the total annual number
Frontiers in Ecology and Evolution | www.frontiersin.org 4 August 2016 | Volume 4 | Article 107
Apfelbeck et al. Testosterone and Reproductive Success in a Wild Songbird
TABLE 1 | Breeding attempts and reproductive success.
Number of breeding Estimates and 95% credible Average number of One clutch Two clutches Three clutches
attempts intervals fledglings failed failed failed
1 (n = 15) 2.9 [1.9, 4.4] 2.9 6 (40%) – –
2 (n = 53) 5.1 [3.3, 7.7] 6.25 21 (40%) 8 (15%) –
3 (n = 65) 5.3 [3.5, 7.9] 7.0 24 (37%) 26 (40%) 6 (9%)
Reproductive success and number of failed clutches from 2009 to 2013 in relation to the total number of breeding attempts that a pair initiated during the whole breeding season. Data
also include males from which we did not obtain testosterone data. The second column shows the estimated number of fledglings and 95% credible intervals in relation to the number
of breeding attempts (data available for 118 pairs). The rest of the table is descriptive and shows the average number of fledglings in relation to the number of breeding attempts (118
pairs) and the total number and percentage of failed broods in relation to the number of breeding attempts (data available for 133 pairs). Each breeding pair is counted only once. For
example, in 6 out of the 15 breeding pairs that had only one breeding attempt during the whole breeding season this brood failed.
of successfully fledged young—than males with lower levels
of testosterone. However, although testosterone was generally
lower during the parental phase, there was no relationship
between testosterone and the number of fledglings during
this period. Furthermore, males with two breeding attempts
expressed higher levels of testosterone than males with one or
three breeding attempts, independent of breeding stage. Thus,
while the relationship between the total number of fledglings
and testosterone during mating was positive and linear, it was
non-linear with respect to the number of breeding attempts.
Because stonechats are ground nesting birds, nest predation is
high in this population (Flinks and Pfeifer, 1987). Accordingly,
we found that more breeding attempts reflected a higher number
of fledglings only to a certain degree: pairs with only one breeding
attempt produced the lowest number of fledglings; but, pairs with
three breeding attempts did not produce more fledglings than
pairs with two breeding attempts. Indeed, third broods often
represented replacement clutches of failed second broods.
Males with two breeding attempts and high testosterone
levels during the mating phase may be high-quality males
that have been chosen by more experienced or high-quality
females and together they may be more successful in raising a
clutch (Baran and Adkins-Regan, 2014). High quality may be
signaled to females through testosterone-mediated ornaments
(Yang et al., 2013) or behavioral traits such as defense of a
high-quality territory (Vitousek et al., 2008). High testosterone
levels have been shown to increase mating effort via territorial
aggression, courtship displays, and mate-guarding behavior.
Stonechats are highly territorial and testosterone facilitates
territorial behavior in this species (Canoine and Gwinner, 2002;
Marasco et al., 2011). Furthermore, they show intensive mate-
guarding behavior (Urquhart, 2002) especially during the period
when females are fertile and when testosterone concentrations
of males peak (Schwabl et al., 2005). Thus, testosterone may
promote reproductive success of males via successful territorial
defense and effective mate guarding and prevention of extra pair
copulations.
Testosterone concentrations of males caught during the
parental phase did not correlate with the total number of
fledglings, but the relationship of testosterone with the number
of breeding attempts mirrored the one found during the mating
phase, i.e., males with two breeding attempts expressed higher
testosterone levels than males with one or three breeding
attempts also when caught during parenting. Thus, although
testosterone levels decreased during parenting, higher than
average levels of testosterone may still promote a higher
reproductive success. For example, testosterone may increase
vigilance behavior—a behavior that is sexually selected and
decreases predation risk (Fusani et al., 1997). Male stonechats
function as sentinels for nest-building and incubating females
(Urquhart, 2002). Thus, high testosterone levels may also
facilitate sentinel behavior and thereby reduce the risk of
predation and nest failure. Through its effect on vigilance
behavior, higher than average levels of testosterone may be
advantageous also during the parental phase. Furthermore, even
though testosterone implants typically suppress paternal care in
birds (e.g., Silverin, 1980; Hegner andWingfield, 1987; Ketterson
et al., 1992; Schwagmeyer et al., 2005), males of some species
do not alter their provisioning behavior when they receive
a testosterone implant (Van Duyse et al., 2000; Lynn et al.,
2002). In such species, nestling provisioning by the male is
considered to be essential for the success of the brood and
down-regulation of androgen receptors in the brain may prevent
any effects of testosterone on male behavior during the nestling
stage (Lynn, 2016). Typically, male parental care is essential
in species with extremely short breeding seasons and harsh
breeding environments that allow only for one brood to be raised,
such as in the Arctic (Lynn et al., 2005). European stonechats
are multiple-brooded and male parental care is not essential:
occasionally, adult stonechats are predated and both males and
females seem to be able to then raise the brood successfully
without their partner (H.F., personal observations).
Slightly elevated testosterone levels during parenting may
be advantageous for another reason. Most songbirds are
monogamous only on a social basis, but extra-pair paternity
is quite common. Stonechats are no exception (Villavicencio
et al., unpublished data). Especially when their own mate is
incubating, males may try to increase their reproductive success
through extra-pair matings with neighboring or other females.
For example, testosterone did not affect space usage of male dark-
eyed juncos during the fertile period of their mates (Chandler
et al., 1997), but it did induce males to venture further away
from their nests while their mate was incubating (Chandler
et al., 1994). Further, experimental studies in dark-eyed juncos
indicated that testosterone implanted males increased their
reproductive success because they had more extra-pair matings
(Raouf et al., 1997; Reed et al., 2006). In contrast, in superb fairy-
wrens (Malurus cyaneus), experimentally elevated testosterone
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levels increased within-pair courtship displays, but did not
affect the frequency of extra-pair matings (Peters, 2002). In
a correlational study on Seychelles warblers (Acrocephalus
sechellensis), peak testosterone concentrations coincided with
within-pair copulation displays and mate-guarding, but not with
extra-pair mating opportunities (Van de Crommenacker et al.,
2004). Thus, it is likely that natural variation in testosterone
relates differently to within and extra-pair reproductive success
depending on the species studied. In their study on dark-
eyed juncos, McGlothlin et al. found that after partitioning
reproductive success into within- and extra-pair reproductive
success, selection on testosterone was directional and positive
with respect to within-pair reproductive success, but it was
stabilizing with respect to extra-pair mating success (McGlothlin
et al., 2010). In contrast, in North-American barn swallows,
testosterone levels during mating neither correlated with within-
nor with extra-pair mating success (Eikenaar et al., 2011).
However, although North-American barn swallows are socially
monogamous, extra pair paternity rates are extremely high in
this species (42%, Eikenaar et al., 2011). In contrast to dark-
eyed juncos and stonechats, barn swallows are colonial and
breed in sheltered barns. Furthermore, although darker-colored,
more aggressive males have higher testosterone levels and are
less often cuckolded (Safran et al., 2008; Eikenaar et al., 2011),
darker-colored aggressive males may have to bear high energetic
costs resulting in a low body condition (Safran et al., 2008).
This may negate an overall positive effect of testosterone on
reproductive success. We suggest that in stonechats the main
role of testosterone is to prevent the female partner from seeking
extra-pair copulations by promoting territorial aggression and
mate guarding during the fertile period of the female—especially
during the first brood, when competition is likely to be highest.
Testosterone may, therefore, enhance male reproductive success
mainly through within-pair mating success and only to a lesser
degree through extra-pair paternity. Similar to the present
study on stonechats, a study in black redstarts (Phoenicurus
ochruros) found that males that performed better had higher
levels of testosterone during parenting than males that were less
successful: male black redstarts that lost paternity had lower
levels of testosterone, but higher levels of corticosterone, during
parenting than males that did not lose paternity (Villavicencio
et al., 2014). This supports our hypothesis in stonechats that
males with high testosterone levels may be males that are more
effective in mate-guarding and in better condition. Although
male parental care may not be essential, within-pair mating
success may still be substantially increased by the presence of the
male and its role as a nest sentinel, in particular when predator
numbers are high (Greig-Smith, 1980; Scheuerlein et al., 2001).
We were not able to differentiate between within- and extra-pair
young during this study. However, we expect that testosterone
should correlate stronger with within-pair number of fledglings
thanwith extra-pair young or the total apparent number of young
per nest.
Circulating testosterone levels can be highly labile, varying,
for example, over the course of the day or with social
interactions (Wingfield et al., 1990). It has, therefore, been
suggested that maximum testosterone levels induced through
gonadotropin-releasing hormone (GnRH) injections represent a
more reliable estimate of individual testosterone concentrations
than post-capture testosterone concentrations (McGlothlin et al.,
2010). Indeed, in the studies on dark-eyed juncos, reproductive
success, aggressive, and paternal behavior were associated with
the GnRH-induced increase in testosterone concentrations,
rather than with post-capture levels of testosterone (McGlothlin
et al., 2007, 2010). In stonechats, GnRH-induced testosterone
levels were positively correlated with post-capture testosterone
concentrations during the mating phase (Apfelbeck et al.,
under review). This indicates that post-capture testosterone may
represent a reliable estimate of the capacity of individuals to
produce testosterone during the mating phase (see Goymann
et al., 2015 for similar results in black redstarts). However, to
fully understand how testosterone may influence reproductive
success through its effects on reproductive behaviors, we need
to understand the action of androgens in the brain. Especially
we need more profound knowledge of how individual variation
in hormone levels relates to individual variation of cellular and
molecular measures (e.g., hormone receptors) in respective target
tissues (Ball and Balthazart, 2008; Rosvall et al., 2012).
CONCLUSIONS
There is ample evidence that testosterone coordinates the
expression of physiological, morphological, and behavioral traits
during reproduction and many of these traits are under sexual
selection. A wealth of experimental studies confirms a causal
relationship between testosterone and reproductive behaviors
(e.g., Schwabl and Kriner, 1991; Balthazart et al., 1995; Canoine
and Gwinner, 2002; Sperry et al., 2010) and a mechanistic
role for testosterone in the resolution of life history trade-
offs (e.g., Ketterson et al., 1992; Reed et al., 2006). However,
only few studies have examined if individual variation in
testosterone is correlated with reproductive success. Because
of the known negative effects of testosterone on parental care
and survival, selection on testosterone levels should vary with
mating system, life history and life-cycle stage. Our study
demonstrates that in a wild, socially monogamous song bird
with male parental care, natural variation in testosterone can
be positively related to variation in reproductive success, but
the relationship depends on breeding stage. Our study thus
suggests that selection may act differently on testosterone levels
during different breeding phases. During themating phase before
the first brood, males gain most from aggressively defending
their territory and mate, and thus selection on testosterone
may be positive and directional. After the mating phase of
the first brood, competing behaviors (parental care, extra-,
and within-pair mating for the following brood) maximize the
reproductive success of males and the optimal balance between
these may depend strongly on current environmental conditions.
Therefore, selection on testosterone levels may be harder to
detect and/or may be non-directional during these later breeding
phases. Furthermore, in comparison with the two other studies
in socially monogamous species, our data indicate that a positive
effect of testosterone on reproductive success may depend on
the breeding behavior of the species, e.g., territorial vs. colonial.
Detailed knowledge of when and how hormone levels relate to
reproductive success is necessary to understand which selective
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pressures and environmental conditions have favored different
endocrine phenotypes. Thus, our study contributes to a better
understanding of hormone-mediated life history trade-offs in
birds.
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